Introduction
About 200 million people, roughly 3% of the human population, are infected with hepatitis C virus (HCV) (61) . Chronic HCV infection is the main cause of chronic liver disease and cirrhosis leading to liver transplantation or death (3, 47) . State-of-the-art therapy (peg-interferon and ribavirin) elicits long-term responses in only about 50% of treated patients (18, 37, 41) , with no effective alternative treatment for non-responders (56) .
Progress towards developing model systems of HCV infection that could enhance efforts to identify inhibitors of HCV replication has been hampered by HCV's limited replication in cell culture and the lack of small animal models (32) . In 1999 Lohmann et al.
(35) engineered a bicistronic subgenomic HCV replicon system in Huh-7 cells. Since then this system, improved substantially both in Huh-7 cells (34) and in other cell lines (64) , has become the standard cell-based assay to study HCV replication mechanisms and to evaluate antiviral agents (51) .
The first studies of positive strand RNA virus replication were done with RNA bacteriophages, e.g., Q β and MS2 (54) . These studies showed that viral RNA amplification depended on an RNA-dependent RNA polymerase-containing RNA replicase that specifically interacts with the incoming viral RNA (plus strand) to synthesize its complementary (minus) strand. Once the minus-strand RNA is synthesized the amplification of the viral RNA by the replicase begins. Based on these systems, Biebricher et al. (6) quantitatively monitored the kinetics of RNA amplification by Q β replicase, and developed a kinetic model for selfreplication of Q β RNA in vitro (5) . The full life cycle of Q β has been mathematically modeled (16) and provides an important starting point for developing intracellular HCV replication models. HCV is an enveloped positive-strand RNA virus belonging to the genus Hepacivirus in the family Flaviviridae (32) . After HCV enters a cell, the HCV genome is translated, by host ribosomes, into a large polyprotein, about 3,000 amino acids long, that is processed into structural and nonstructural (NS) proteins. A multiprotein viral replicase is assembled from the NS proteins (35) , and begins the synthesis of a minus-strand RNA, using the positive single-strand RNA (ssRNA) as a template. Once the minus-strand RNA is synthesized, it can remain as a free minus ssRNA or attached to the positive-strand RNA to form a doublestranded RNA (dsRNA). Then, the newly synthesized minus-strand RNA (either as ssRNA or as part of the dsRNA) serves as a template for the synthesis of additional plus-strand RNAs. It
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has not yet been determined whether HCV RNA in cell culture (or in vivo) is replicated using as a template the minus strand RNA in a dsRNA form, as established for the Kunjin virus (10) , or as a ssRNA template, as shown for Q β phage (16) . In this study, we make the assumption that after the first minus strand is replicated, amplification of viral RNA occurs via a double-stranded template.
All positive-strand RNA viruses replicate their RNA on intracellular membranes, often in association with spherular invaginations of the target membrane (reviewed in (53) ). RNA replication by Kunjin virus, coronaviruses, brome mosaic virus and poliovirus induce distinct membrane rearrangements of 50-to 350-nm including invaginations, double membrane vesicles, and layered membranes that serve as compartments or mini-organelles for RNA replication (53) . Membrane association of the HCV NS5B polymerase was found essential for HCV RNA replication (15, 39) and HCV RNA replication complexes colocalize with vesicular-membrane structures (VMS) that have also been termed "the membranous web" (15, 22) . Once formed, these membrane structures appear to be relatively stable with only The experimental characterization of HCV self-amplification in the replicon system in Huh-7 cells reveals that: (i) after 24 to 72 hr post transfection, plus-strand RNAs accumulate to ~5,000 copies per cell (8, 30, 34, 35, 50) , (ii) the plus-to-minus strand ratio is about 10:1 (35, 50) , which is in agreement with the plus-to-minus strand ratio observed in infected hepatocytes in humans (9, 27) , (iii) in vitro replicase activity, prepared from Huh-7 cells harboring subgenomic replicons, is highly resistant to nuclease and protease treatment; both plus-and minus-strand RNA are fully nuclease resistant (50); and (iv) less than 5% of the NS5B polymerase molecules, in the replicase activity, are protease resistant (38, 50) ,
suggesting that the majority of replication occurs in sites, such as the VMS, that are protected from nuclease and protease activity, and where a minority of NS5B polymerase may reside.
Recently, we have developed mathematical models to gain insight into HCV RNA dynamics during primary infection (13) , liver transplantation (12, 46) , interferon-α (IFN-α) monotherapy (40) and IFN-α and ribavirin combination therapy (14) . However, these models
were not designed to gain insight into HCV minus-and plus-strand kinetics within the cell.
Based on quantitative data of subgenomic HCV replication in Huh-7 cells, we sought to gain a better understanding of its dynamics from transfection to steady state using a mathematical model. 

Methods
Model description. Our model of subgenomic HCV replication in Huh-7 cells is based on the HCV replication scheme shown in Fig. 1 . We assume that translation of the HCV polyprotein occurs in the cytoplasm by host ribosomes (Eqs.
(1) -(4)), while HCV replication (Eqs. (5) - (9)) occurs in vesicular-membrane structures (VMS).
( ) 
Equations (5) - (9) and R ds ) degrade with rate constants µ P and µ ds , respectively. In addition, the polymerase complex degrades or loses activity with rate constant µ E within VMS, which is possibly less than the cytoplasmic degradation rate µ E cyt . We assume that there are abundant nucleotides and amino acids in the cell so that cellular resources do not limit HCV RNA replication (55) .
We also assume if any cellular components are needed to form the replication machinery (E), (38, 50) . Thus, we assume, in our model, that the NS5B polymerase molecules in the cytoplasm represent at least 95% of the total NS5B polymerase molecules in a cell with the rest (<5%) being present in VMS, (vii) About half of total plus-strand RNAs in a replicon cell are nuclease resistant (50) and thus localize (in our model) to the VMS. The plus-strand
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RNAs that are present in the cytoplasm are assumed to be involved in viral polyprotein translation.
Polysome size and HCV polyprotein elongation rate. The elongation rate in eukaryotes has been estimated at 3 -8 amino acids (aa) per second per ribosome (33, 43) . At 3 to 8 aa per second, the subgenomic HCV polyprotein (~2,000 aa) is translated at a mean rate of multiple ribosomes to each HCV mRNA. However, we found that it is feasible to simplify the situation and use the model described here, when the rate constant for the attachment of the first ribosome to free plus-strand RNA, is much lower than the rate constant for 
HCV plus-and minus-strand RNA degradation rates. Plus-and minus-strand RNAs involved in replication complexes are fully resistant to nuclease treatment (50) , and assumed, in our model, to degrade at a slower rate than free plus-strand RNA in the cytoplasm. Thus, we assume that the degradation half-lives of free plus-and double-strand RNAs (10 hr and 11.5 hr, respectively (23)) estimated in interferon-α treated Huh-7 cells correspond to the rates of degradation of HCV RNA in VMS, i.e., µ P =0.07 hr -1 and µ ds = 0.06 hr -1 . In line with that, it is likely that the degradation rate of free plus-strand RNAs in cytoplasm (µ p cyt ) is significantly faster than the observed overall plus-strand RNA degradation rate of µ P = 0.07 hr -1 (23).
NS5B-polymerase degradation rate in cytoplasm.
More than 95% of NS5B polymerase molecules, in vitro, were shown to be sensitive to protease treatment and not To test the parameter sensitivity of our simulation results we used parameter ranges (Table 1) consistent with HCV subgenomic steady-state levels found in replicons. We randomly varied the parameter values 1,000 times (
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µ Tc ) within the ranges given in Table 1 . Each simulation was numerically integrated for 300 hr and was checked for reaching a steady-state of 900 to 5,000 total plus-strand RNAs and 8x10 5 to 2x10 6 NS5B molecules. To define the approximate time when this steady state was reached, we searched backwards from 300 hr to the time of transfection, for the time when total plusstrand RNA was within 0.5 log of its steady-state level. cell. We use our model to explore the biological basis of the plus-to minus-strand asymmetry and the great excess of HCV non-structural proteins found in replicon cells.
Number of ribosomes available for HCV translation.
We found that the number of ribosomes available for HCV translation (R ibo Tot ) is the only parameter that significantly affects the number of NS5B polymerase molecules in the cytoplasm ( Fig. 2A) . To obtain approximately a million NS5B polymerase molecules (50), we needed to assume that 500 to 1,000 ribosome-genome RNA complexes (corresponding to 5,000 to 10,000 ribosomes) are involved in HCV translation at steady state.
The 1:1 ratio of plus-strand RNA inside and outside the VMS. Approximately half of the total plus-strand RNAs in a replicon cell is nuclease resistant (50) , and thus assumed in our model to localize in the VMS. To obtain a total number of plus-strand RNAs in the cytoplasm (R P cyt + T c ) equal to the total number of plus-strand RNAs in VMS (R P + R Ip + R Ids + R ds ), we needed to set the ratio k Pin / k Pout of the rates at which plus-strand RNA is transported into and out of the VMS to one, set k Pin =0.2 hr -1 and set the ratio µ Ids / k Ein of the rates at which R Ids complexes degrade (µ Ids ) and NS5B molecules are transported into the VMS (k Ein ) at ~1.0x10 4 (Fig. 2B) . Varying the other unknown parameters over a large range, as given in (Fig. 2C) . To obtain the approximate 6:1 plus-to-minus strand ratio in the VMS (50), k 5 /k 3 should again be large ~ 200 -500. However, to also attain an overall ratio of 10:1 we fixed k 5 /k 3 = 200 for the rest of our analysis.
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Theoretically, the observed R P Tot / R M Tot ratio can be governed by significantly faster synthesis of the nascent plus-strand RNA relative to the synthesis of nascent minus-strand However, even a 500-fold difference between the plus and minus strand RNA synthesis rates did not generate a 10:1 R P Tot / R M Tot ratio (Fig. 2D ). It appears that faster synthesis of the plusstrand RNA relative to the minus-strand RNA leads to more free double-strand RNA, R ds , than free plus-strand RNA, R P , and to higher numbers of plus-replicative intermediate complexes than double-strand replicative intermediate complexes (Fig. 2D) . The more plusreplicative intermediate complexes that are formed, the more minus strands that are synthesized and this eventually leads to R P Tot / R M Tot ~1. Thus, faster plus-strand synthesis cannot generate the observed 10:1 ratio (Fig. 2D ).
Time to reach steady state. After achieving a plus-to-minus strand ratio of 10:1 and a plus-strand RNA level of 900 to 5,000 copies/cell, we sought to understand how to adjust the remaining parameters (k c, k 1 , k 3 , µ E , µ Tc and R P cyt (0)) so that the time it takes the system to reach steady state is about 48 hr. Assuming the fastest plus and minus intermediate complex formation rates consistent with the above-mentioned range, i.e., k 3 = 0.02 hr -1 molecules -1 and k 5 = 4.0 hr -1 molecules -1 , the number of plus strands at the time of transfection, R P cyt (0), the degradation rate constant of translation complexes (µ Tc ) and the formation rate constant of translation complexes (k 1 ) affect the time it takes to attain steady state. When R P cyt (0) ~ 500 copies/cell, µ Tc < 0.02 hr -1 and k 1 = 80 hr -1 molecules -1 , both strands will reach steady state in about 48 hr (Fig. 2E) . In Fig. 2F we show an inverse correlation between R P cyt (0) and the time it takes to attain steady state. In addition, it is likely that the degradation rate of free NS5B in VMS (µ E ) is slower than in cytoplasm (µ E cyt =0.06 hr -1 ) due to the protection of the VMS from protease activity. However, µ E within the range 0.01 -0.06 hr -1 and the polyprotein cleavage To verify the robustness of the estimated-parameter-value ranges, one thousand combinations of the unknown parameters were chosen randomly within the range given in Table 1 . We found that approximately 70% of the 1000 random parameter sets (Table 1 column A) lead to a steady state consistent with the experimental observations criteria given in Methods (Fig. 3A) . Among these 700 parameter sets only 600 sets (i.e., 60% of the 1000 random parameter sets) attain an RNA steady-state by 48 hr post transfection (not shown).
Thus, these 600 sets that fulfill the experimental observations define a new, narrower, range for each parameter (Table 1 , column B). We then generated 1000 random parameter sets within the new ranges and found that more than 99% lead to a steady state in agreement with experimental observations (Fig. 3B ). For example, starting from the initial ranges for R ibo Tot (500 to 1,000 ribosome complexes) and R P cyt (0) (10 -1,000 plus-strand RNA copies), we found that to be consistent with the set of experimental observation in Methods, R ibo Tot and R P cyt (0) should be between 650 -910 and 340 -830, respectively. All other new parameter ranges are shown in Table 1 , column B.
Due to the lack of experimental data on the number of plus strands at the time of transfection, and the lack of detailed kinetic information about the growth rate of plus and minus strands from transfection to steady state, we can not estimate parameter values precisely. However, our analysis provides plausible parameter ranges (Table 1) .
Model without VMS.
We sought to understand if the observed RNA steady-state can be reached without the VMS. We thus simplified our model so that HCV RNA synthesis and viral polyprotein translation occur in the same compartment. Briefly, Eqs.
(1) and (5) were molecules in cytoplasm; typically we found less than 100 free NS5B molecules. The model also predicts that only a few ribosome complexes (R ibo Tot < ~30) are needed to attain realistic RNA steady-state levels within large parameter-value ranges (not shown). This result is reasonable, without a VMS the total plus-strand RNA in the cell can be involved in HCV polyprotein translation. To increase the predicted number of NS5B molecules one needs to increase the number of available ribosome complexes. However, choosing R ibo Tot > ~30 lead to 10-100 fold higher RNA steady state levels than are observed experimentally. In our model, we assumed that plus-strand RNAs initially serve as templates to synthesize the NS5B polymerase and other essential proteins (59) . We also assumed that plusstrand RNAs involved in translation can not be templates for simultaneous RNA synthesis, as was previously shown for poliovirus replication (20) . Because it is assumed that the positivestrand RNAs must be used for translation prior to RNA replication (1), HCV might have a mechanism, yet to be determined, to down-regulate translation to begin RNA synthesis.
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However, in the model developed here translation and replication of HCV RNA co-exist, although there is a competition between the two processes with any given HCV RNA strand either being translated or replicated.
For simplicity, we assumed that 10 ribosomes bind to plus-strand RNA simultaneously and that the polysomes dissociate after each viral polyprotein is synthesized as was previously assumed in models of Q β replication (16, 26) . We showed in the Appendix that one can use this simplified model with confidence only if the rate for ribosome attachment to a free plus- strand RNA is lower than the rate constant for subsequent ribosomes to attach. This assumption may be plausible in light of RNA helicase function within a ribosome that needs first to unwind the secondary structure of the mRNA (25) , which then might lead to a faster attachment of the next ribosome. In addition, to correctly account for the rate of translation with 10 ribosomes, we assumed the viral-polyprotein elongation rate is 10 times faster than the estimated elongation rate per ribosome in eukaryotes (see Methods).
The total ribosome number and the fraction of available ribosomes for HCV replication in an Huh-7 cell have not yet been defined. However, it is plausible that the number of ribosomes in an Huh-7 cell is between 2 x 10 4 , as estimated in prokaryotic organisms (E coli (16)), and 6 x 10 6 ribosomes, as found in eukaryotic cells (49) . According to our model, we estimated that approximately 6 x 10 3 ribosomes are available for HCV replication, corresponding about 0.1% of the total number of ribosomes in a eukaryotic cell.
In the early nineteen sixties, Spiegelman et al. and others (54) questioned how a single-plus-strand virus RNA genome (e.g., Q β phage) can be amplified among thousands of host mRNA molecules present in a bacteria. It was found that the Q β replicase has a specific template affinity to the viral genome, thus allowing specific amplification of the Q β genome.
It is possible that other single-stranded RNA viruses (e.g., HCV, polio and others (53) culture (24, 28, 35) nor in liver biopsies (7) . We predict that dsRNA species and dsRNA plus recently synthesized plus-or minus-RNA species are <3% and <10% of total plus-strand RNA per cell, respectively, which may make it difficult to detect with current assays. Thus, although the exact strategy of HCV replication in Huh-7 cells is not yet firmly established, we assumed a double-stranded strategy in our model. However, our model can be simply modified to involve a single-stranded replication strategy (not shown).
The mechanism by which the asymmetry (~10:1 ratio) between plus-and minus-HCV RNA levels is gained in replicons (35, 50) or in liver cells (9, 27 ) is still unknown. It might be that host factors, required for synthesizing minus-strand RNA, are responsible for this asymmetry or that there are different rate constants for the production of plus-and minusstrand RNA. It was previously shown by Eigen et al. (16) that this asymmetry can be caused simply by the fact that Q β replicase has to compete for plus-strand RNA with ribosomes and coat protein while minus-strand RNAs are free for production of plus-strand RNA. However, for the production of plus-and minus-strand RNA were examined in our model. Interestingly, our model predicts that while different synthesis-rate constants of plus-and minus-strand RNA do not contribute to the observed asymmetry, a higher affinity (~200-fold)
interaction of minus-strand RNA over plus-strand RNA with the NS5B polymerasecontaining RNA replicase, in order to start HCV RNA synthesis, does contribute significantly.
In addition, the latter higher affinity (>200-fold) leads to ~ 6:1 plus-to-minus strand ratio in VMS, in agreement with recent experimental results (50).
Our prediction for a higher affinity interaction of the NS5B containing replicase with minus-strand RNA than with plus-strand RNA is in agreement with an observation by Reigadas et al. (52) , which showed in vitro that the 3' terminal region of minus-strand RNA was preferentially bound by purified HCV NS5B polymerase over the 3' end of plus-strand RNA. However, it is likely the template preferences and the resulting asymmetric RNA replication will involve higher order RNA interactions, such as those identified in the NS5B coding region (17, 29, 62) , which function through a "kissing interaction" with a loop In summary, we have developed a mathematical model for subgenomic HCV replication within Huh-7 cell that uses a double-stranded strategy for RNA amplification. Our model suggests a mechanism by which the ratio of plus-to minus-strand RNA is regulated and shows that RNA replication occurring in a membrane compartment has advantages for the HCV life-cycle. Now that fully permissive HCV replication systems have been developed (31, 58, 63) , the next step will be to incorporate virus production and infection to create one into R 1 due to ribosome attachment. Then R i=1,…,8 disappear at rate k 1 * by additional ribosome attachment, forming R i+1 . Finally, R 9 disappears at rate k 1 * by forming the translation complex, T c , and reappear at rate k 2 when the translation is complete and the newly synthesized polyprotein, P, and its related ribosome dissociate from the HCV mRNA.
We further assume that once plus-strand RNA attaches to a ribosome and/or becomes a polysome, it will remain in this complexed state until its degradation, with an average rate of µ Tc . Under these assumptions this model can be converted to the following differential equations:
( 1,...,7) (1') In addition, we modified the equation in Methods for the free ribosomes (R ibo ) as follows:
We found that if one assumes that the rate constant k 1 , for the first ribosome to attach is lower than the rate constant k 1 *, for subsequent ribosomes to attach, then the simplified model and complex model give similar results (not shown). However, when k 1 ≥k 1 * then the model results, within the parameter ranges given in Table 1 , are not in agreement with the experimental data (not shown).
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We would like to thank Volker Lohmann for critical comments on the manuscript and Table 1 (column A) were randomly chosen. (A) Within these parameter ranges we found that: (i) ~20% of parameter sets led to a total plus-strand RNA steady state of < 900 copies/cell or HCV RNA elimination, (ii) ~8% led to a total plus-strand RNA steady state > 900 copies/cell but NS5B molecules < 8x10 5 , (iii) ~70% (700) of parameter sets generated steady-states between 900 and 5,000 total plus-strand RNAs and 8x10 5 to 4x10 6 NS5B molecules and (iv) ~2% led to total plus-strand RNA steady state > 5,000 copies/cell (not shown). Among these 700 parameter sets only 85% (600 sets) attain an RNA steady-state in 48 hr post transfection (not shown). (B) Using the interquartile ranges for each parameter in those 600 sets (see Table 1 , column B), we found that more than 99% of 1,000 simulations using randomly chosen parameters within these ranges of the parameter led to steady states consistent with the characteristics given in Methods. Mean values of total plus-strand RNA, minus-strand RNA and NS5B molecules are shown in black, red and green filled circles, respectively. Vertical lines represent three standard deviations. 
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